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Abs tract 


Nitrogen plasmas in dc glows have been studied to examine 
the role of the plasma parameters, electron density and electron 
temperature, in controlling the extent of dissociation of the 
gas into nitrogen atoms. 

Experiments are conducted in a flow system with a linear 
flow tate of 27. 5 m/sec and a volume flow rate of 945 lit/min and 
in the pressure range of 1-6 torr. Three sets of interelectrode 
distance of 5, 10 and 15 cm are used. Plasma diagnostics are 
carried out using double probes. Atom concentrations are esti- 
mated from afterglow emission intensities, 

10 ^3 

The electron density n^ varied in the range 1.9 xlO cm” 

10 -3 

to 10.90 X 10 cm and the electron temperature kT^ varied in 
the range 2.4 eV - 4,8 eV. This correspond to 75 -325 Watts of 
CW (IV) power dissipated in the discharge. The n kT product 
increased with power. In the isobaric n^kT^ - IV plots, the 
isobars shift to higher values of IV at higher pressures. 

A model based on electron impact dissociation for generat- 
ing nitrogen atoms (rate coefficient k^) , volume recombination 
(rate coefficient k 2 ) and surface recombination (rate coefficient 
ICj) gives [h] » lkj^(Tg)[Nj]n/(k 2 (Tg)[K 2 ] + 
model is broadly in agreement with the experimental results. 


The 



CHAPTER 1 


INTRODUCTIOn 


Gaseous plasmas provi<1e a unique medium for study of 
chemical reactions of atoms/ molecules/ and ions both in their 
ground states and a wide variety of excited states. The rich-s 
ness in the nature of species present in plasmas arises prima- 
rily from the large variety of electron impact processes that 
can occur with the ground state stable neutrals followed by 
collisions involving tlic excited species. Many chemical 
processes which proceed with negligible rate under ordinary 
reaction conditions, including even fairly high gas tempera- 
tures/ proceed rapidly in presence of significant concentration 
of excited states generated by collisions of heavy particles 
with high energy electrons. 

The potential richness of such a reaction medixim/ hov^- 
ever/ is accompanied by an almost impenetrable barrier of diffi- 
culty tliat one faces when one attempts a quantitative physico- 
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chemical analysis of a plasma system/ the latter constituting 
the single most important factor in putuing plasma chemistry 
on a solid scientific basis. Thus far the chemist's approach 
towards plasma chemistry has mostly been, witVi varying degree 
of sophistication, to define the operational parameters of the 
plasma system used and studying the chemical products formed 
either from directly feeding stable molecuJ es in the plasma, or, 
by using a second reactant to the effluents of the plasma through 
which the primary reactant is passed. Devices to generate gase- 
ous plasmas in the laboratory have been of many types, and the 
efforts in chemical applications have mostly been nn empirical 
studies on the nature of product foimation as a function of 
operational parameters. In contrast, the phsicist's involve- 
ment with low temperature plasmas, the type of plasma with 
which most chemical experiments have been done, have Ixsen mostly 
in characterization of such plasmas in terms of diagnostic para- 
meters such as electron densities and electron energy distribu- 
tion, and associated radiative properties. There also have been 
a nuimber of collisional-radiative models, but because of the 
enormous complexities involved, these mostly consider atomic 
systems? relatively very little has been done with molecular 
systems. It would seem that if plasma chemistry is to be pro- 
vided a sound physical basis, it is essential that there are 
systematic and simultaneous studies of both the chemical and 
physical aspects and evolve quantitative correlations. The 
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present work is an effort in this direction that attempts to 
synthesize the physical and chemical ap_ roaches in plasma 
investigations. Specifically it considers dissociation of 
nitrogen molecules in glow plasmas. In this introductory chapter/ 
we shall present some elementary but fundamental properties of 
gaseous plasmas / and outline the background, as well as the 
objective of the present work. 

Plasmas are Jonized gases containing an ensemble of ions 
and electrons which satisfy certain conditions between the 
nositivo ion density n*^/ the electron density n^/ and the elac- 
tron energy distribution, which, if the electron kinetic caeigy 
distribution is maxwellian, can be characterised by an ^icv-cron 
temperature T^. since a gaseous pi is on the whole electri- 

cally neutral, one nrni witte 

n*^ n • • ( 1 • l) 

e 

This constitutes the first plasma criterion. The second cr j te- 
rion Involves the Debye shielding length which is a measure 
of the distance at which a positive ion is effectively shielded 
by the surrounding electrons. Quantitatively represents the 
distance at which the potential with respect to a positive ions 
is of (l/e)th value of that with no electrons present, which 
may be said to be a measure of the screened Coulomb jx^tential. 
The distance over which a plasma can have an appreciable 
departure from the positive-negative charge equilibrium is 
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of the order of debye length and one can derive the follow- 

ing expression forx^^ 

t 

- (E kT^/4Tte^n^) ..(1.2) 

Where £ is the dielectric constant of the medium/ k the Boltz- 
mann constant/ and e is the electronic charge, in order to 
have the necessary electrostatic interaction betv/een the plasma 
particles/ the debye shielding length must be considerably less 
than the minimum dimension L of the plasma/ i.e./ The 

ionized gas behaves like an ordinary collection of free charges 
if this criterion is not satisfied. T'hile the chemical conse- 
quences of atom- atom or atom-electron collisions are not known 
to be any different depending on whether the plasma criteria 
are satisfied, most laboratory discharge conditions satisfy the 

plasma criteria. For example, at an electron temperature kT^ 

10 - 3 

of 1 eV and of 10 cm , which would commonly be the case 

of a dilute discharged gas, the ^ calculated from (1,2) is 

_2 

only 10 cm, much smaller than usual container dimensions. At 
higher electron densities therefore such systems would easily 
be meeting the plasma criteria. 

The plasma particles, i.e., positive ions, negative ions, 
and electrons can have a wide range of translational energy dis- 
tribution, and the population densities of internal energy 
states of the heavy particles also depend on the nature of the 
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equilibrium condition present in the plasma, various equili- 
brium con'''itions being, complete the r mod ^/n ami c equilibrium 
(GTE), local thermodynamic equilibrium (LT’E) , and non-local 
thermodynamic equilibrium (non-LTE) . In GTE all the proper- 
ties of the plasma particles are determined by one plasma 
temperature T, The translational energy distribution of the 
heavy particles as well as of the electrons is given by the 
Maxwell-Bolt^imann law corresponding to the plasma temperature, 
and the population densities of the internal excited states of 
the heavy particles, which would include all rotational, 
vibrational, and electronic excited states of molecules, are 
given by the Boltamann distribution at the same temperature. 
The degree of ionization is given by the Saha law for the 
plasma temperature. The spectral intensity of the radiation 
is governed by the Planck's law at the same temperature. 

i 

When only the Planck's radiation law is not obeyed in 
a Plasma, but the otlier laws valid in GTE mentioned above 
hold, the plasma is said to be in local thermodynamic equili- 
brium, In LTE the population densities of quantum states are 
as would in GTE for a system having the same density, tempe- 
rature, and composition of the system under consideration. In 
dense laboratory plasmas where electron impact processes are 
dominant, the electron temperature determines the distribu- 
tion function of the species. Dominance of electron impact 
processes arises because electron impact cross sections are 
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not lower than tlie corresponding cross sections of ions, but 
the electron velocities are high. 

In LTE/ both electrons and ions have approximately 
Maxwellian velocity distributions, but their kinetic tempe- 
ratures may be very different? these two temperatures approach 
each other as the heavy particle density of the plasma increases. 

In plasmas with Maxwellian electron energy distribution 
where electron impact processes are dominant, LTE may be expect- 
ed to hold good. The internal population density distribution 
of heavy particles above a critical level characterised by a 
principal quantum number conform to LTE (Boltzmann distribu- 
tion) . This is because of the fact that the spontaneous radia- 
tive decay rates decrease and electron impact cross sections 
increase with increasing principal quantum number; at the 
critical level the electron impact excitation rate and radia- 
tive decay rates are comparable. 

The present investigation has to do with plasma physico- 
chemical processes in dc discharges. While the fundamental 
atomic processes are of course independent of the macroscopic 
processes associated with generation of the plasma, we choose 
dc discharges for the relative convenience of ignitions of these 
plasmas and also relative simplicity of the equipment needed to 
sustain such discharges. The dc discharges are categorised 
into following several distinct regions in terms of voltage- 
current characteristics (Pig. 1.1), ^t low applied voltages, 
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Approximate Ctarents 

Pig, 1.1 SCHEMATIC CHARACTERISTIC FOR A CASEOUS DISCHARGE 
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^ 13 

a very low current of 10 ' A rs observed \/hich is due to 

collection of charges produced by extelfnal sources. This is 
non-self sustaaning region. Increase in voltage results in incre— 
sing the mobility of the charged particles v;hich would by colli- 
sion generate more ion pairs in the gas. ''Tlien this multiplication 
factor is equai to 1 the discharge becomes self-sustaining. 

This region is the To’/Jnsend region. In this region, the space 
charges formed near the electrodes become predominant. This 
increase in field concentration increases the current and the 
discharge undergoes a transition into glow discharge. This 
region is characterised by a voltage drop across the electrodes 
v/hich remains constant over 2-3 order of increment in the dis- 
charge current. The current density at the cathode# however, 
remains constant and the cathode surface Is increasingly 
covered as the discharge current increases. When the entire 
cathode surface gets covered, an increase in the discharge 
current can be achieved only by increasing the current density 
at the cathode, which implies a large cathode emission, and this 
in turn, would increase the cathode fall. This corresponds to 
the abnormal glow discharge. In this region, ionisation 
increases resulting in the collection of larger number of 
increasingly more energitia positive ions. This process heats 
up the cathode till it attains a temperature sufficient for 
thermionic emission of electrons. Thermionic emission, 
increases exponentially with temperature. This results in a 
decreased voltage drop between the electrodes and increase in 
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current by many orders. This region is designated as arc 
discharge. 

Prom the point of view of plasma chemistry, specially 
v/ith interest of cnemical synthesis, one would be most interested 
in systems where the electron densities are high, so that the 
concentration and flux of the excited species which act as 
Initiators of chemical reactions could be high. Logically, 
therefore, these systems should be high current arcs. However, 
there are several severe problems avssociated with managing such 
high current arcs, the chief one being able to hold the contai- 
ner at reasonably low temperature. With huge amount of power 
dissipation the cooling problem becomes enormous and, the 
problems of generating high power dc sources for both igniting 
and sustenance of the system are no simpler. Due bo this 
reason we constrain ourselves to relatively low current .systems. 

Specifically we investigate here the correlations that 
can be evolved, by considering the relevant atomic processes, 
between the plasma parameters in dc glow pi asmas and the disso- 
ciation of nitrogen gas when it passes through the plasma. 

Plasma parameters are obtained by standard probe technicjues, 
and nitrogen atom concentration estimates are made by follow- 
ing the afterglow intensities. There have been numerous 
phenomenological studies on nitrogen discharges and afterglows, 
and the observed phenomena and possible processes have been 
reviewed 
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The reaction of N atoms with NO has been often used as 
a chemical 'titration' method of ostimotion of N atoms. Some 
early applications of the method are reported in.^~® The 
method was first used in kinetic study by Harteck, Reeves and 
Mannell§ and involves flowing NO into the stream containing 
nitrogen atoms. It is believed that the reaction proceeds 
through the fpllowing mechanism 

N + WO > Wj + O .. (1) 

N + 0 + M ^ NO* + M > NO + hO^ .. (2) 

0 + NO > NO 2 ''' ^ WO 2 + hV .. (3) 

The reaction sequence is associated with a visual change of 
3uminescence. When nitrogen atoms are present in a nitrogen 
afterglow, then the orange-yellow glow gradually decreases in 
intensity as nitrogen atoms are consumed in the reaction (l) 
This is accompanied by a blue-violet glow from the NO'' formed 
in reaction (2) between oxygen atoms formed in reaction (1) and 
the nitrogen atoms. Beyond the end point, when there are no N 
atoms present the NO is in excess, the excess NO reacts with 

if 

oxygen atoms to form excited NO 2 which gives a greenish- yellow 
luminescence. At the end point the reaction (2) does not take 
place as nitrogen atoms are absent, and (3) does not take place 
as there is no excess NO. Thus there is practically no lumine- 
scence from the reaction region. 
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The results obtained in the titration method has received 
support from nitrogen atom concentration measurements by physi- 
cal methods. For example/ in the SSR method of ''Hrectly follow/- 

q 

ing nitiogen atom concentration, Westenberg and de Haas' found 
resu] ts in the pressure range 0.4 -3.0 torr agreemcf with the 
titration method, Weyssenhoff and Patapof f found that the 
method gives correct measurement of nitrogen atom concentration 
if the discharge region is sufficiently separated from the titra- 
tion zone so that deactivation of excited species jnrerfering 

with the titration process can take place. Thev found the 
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agreement to be v;ithin j^l0°4 except at pressures above 3 torr 

3 -1 

and high flow rates (~3 0 cm sec ) when the titration method 

gave higher concentrations/ which wac believed to be due to 

reaction of WO with the species responsible for the "pink'* after- 

glov7. The reaction scheme above has been used recently by Sutoh 
11 

et al. to measure the absolute rate constant for the chemilumi- 
nescent reaction of atomic oxygen with nitric oxide/ the atomic 
oxyaen being generated by reaction (l) . 

detailed investigation of the radiation observed from 

12 

the reaction zone was done by Young and Sharplcss, The 

3 3 

spectral studies# (a) the tirst posi Uve bands (BTTg-'A 3^ ) 
generated by the reaction; 

i 

N -I- W -f- (M) > H 2 + (M) + h/^ .. (4) 

(b) the NO /3 (bV -X^tT ) / T (A^S ‘^-X^Tr ) , and 6 (C^TT -X^TT ) bands 
generated by the reaction (2)# and (r) the O 2 atmos 3 :rfierj c 
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bands (b^?3 ^-X^T 7 ) and Herzberg bands X^S^) generated 

by the reaction 

O -s 0 (H) > O 2 + (M) + hi/ .. (5) 

and the l'’02 "continuum' generated bv reaction (S’). There are 

a number of aJ ternative way's which can lead bo the excitation 
1 

of the S state of atomic oxygen spontaneous deexcitation of 
v/hlch leads to emission of the 5511^P auroral green line 

0 + 0+0 ©2 + o^y .. (6) 

0 + 0 + N ■> 130 + O^S .. (7) 

N + N + 0 ^ ^2 + O^S .. (8) 

The major purpose of the work is to examine the role of 
plasma electron density and electron temperature in dissocia-~ 
tion of nitrogen in low pressure dc g^ow plasmas. 



CTAPTER 2 


experimental METHOD'S 


The various implaments used in the experimental studies 
are (a) the discharge tube and associated gas handling system, 
(b) electric probes for n., kT^ measurements, (c) afterglow 
radiation intensity measurements using a photomultiplier. 

2.1 Discharge Tube 

Both the discharge tube and the vacuum system are cons- 
tructed out of a glass tube of 2,5 cm internal diameter and 
2,9 cm outer diameter. The length of the discharge section is 
35 cm and the length of the afterglow section including a 
liquid nitrogen trap is 130 cm, A schematic diagram of the 
discharge tube and the afterglow region is given in Pig. 2.1. 
Three separate sets of inter electrode distances are used in 
the discharge tube; 5 cm, 10 cm and 15 cm. For the arcs inter- 
electrode distances of 2.5 cm and 5 cm are used. Cooling of 
the discharge tube was by ambient air? neither forced air 
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nor any other coolant was used. 

The glow discharge is ignited by a Perkin Eimer 5000 V/ 

250 inA stabilized -power supply (Model 222-0450, originally for 
an ton pump) as shown in Pig. 2.2. The measurements are made 
within a 30 sec incerval during which all parameters measured 
reached stable values except the wall temperature \Jhich, even 
at the end of the interval , continued to show an increasing 
trend. Near the end of the 30 sec period the cathode became 
red hot. Both orientations of the electrodes (cathode toward 
the pump and away from the pump) were used. 

Ignition of the arc is done by the Tlluminotion Industries 
Tnc. (U.S.) high pressureHg am power supply model CA'200. After 
the arc ignited, the dc power to sustain the arc is supplied 
by a home-made dc power supply as shown in Fig. 2.3. Maximum 
arc current used was 6 amperes. The I-V measurements are made 
within 4 secs. Invariably the tube melted in another few 
seconds if the arc were kept on. 


2.2 Electrodes 

Hollow E & G electrodes (E & G Electricals, Newark) of 
size 0.9 cm outer diameter and 3.6 cm in length, were used that 
were procured from an Importer, The analysis of the electrode 
material by the National Metallurgical Laboratory showed Pe as 
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the major constituent/ the trace constituents being Cr^ Al, Mg^ 

Mn and Cu. 

The chemical analysis of the electrode material was done 
spectroscopically (b^- NML) by exciting a small amount of the 
electrode material/ in a dc arc of 6 amperes struck betv/een a 
10 mm diameter graphite rod and a 6 mm diameter carbon rod. A 
shallov; crater made on the graphite rod served as the sample 
holder. The optical spectrum of the excited sample v/as recorded 
using a Hilger Quartz Spectrograph (Littrow type) nn the range 
of 2700-4400 ?. The identification of the cons tiUients of the 
sample was done by superposing this spectrum on a 'Master 
spectrogram’ recorded on the same instrument, obtained by arcing 
^aies yitimes powder, v/hich consists of small amount of about 
50 dements ancorporated in a base of Zn, Mq and Ca oxides. 

2.3 Vacuum System 

The gases are r^umped by a Welch 13 75 M Duoseal high vacuum 

m 

pump v/lth a pumping speed of 94 5 lit/mln. For the tube diomoter 
used, this implies a maximum linear flov; rate of 27.5 nv&ec. The 
discharge tube and the afterglow part of the system are separated 
from the ^velch pump by a large butterfly valve, that could be 
partially closed to reduce flow velocity or increase the resi- 
dence time of the gas in the system, 

2.4 Pressure Measurements 

The vacuum is monitored by Veeco thermocouple gauges 
(DVlfl) and Control, and the gas pressure in the system during 
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experiments are measured hy a CEC (U.K.) Instrumentation pre- 
ssure transducer BHL 4400-10-02 MO. The precision of tJiis trans- 
ducer as displayed in the built-in diqital meter v/as inadequate. 
Therefore/ the analog output provided in the external terminal of 
the pressure transducer uas taken to a digital voltmeter inter- 
face, designed and fabricated in the laboratory, with the help of 
which final measurements were made (Pig. 2.4). 

2.5 Afterglow Intensity Measurements 

The afterglow radiation Jntensity is measured at 120 cm 
away from the electrode that is nearest to the pump by an RCA 
1P28 photomultinlier tube (PMT) (spectral response S5). The 
circuits associated with the PMT are shown in Pig. 2,5. The PMT 
js enclosed jn an aluminium box with a slit v/idth of 0,025 cm. 

The distance of the PMT photocathodc to the edge of the pyrex 
tube is approx. 5 mm. The PMT is powered by a Fluke 40SB high 
voltage power supply. An orange filter is used whose filtering 
properties are shown in Pig. 2.6, 

2.6 Wall Temperature Measurements 

The temperature was measured on the outer side of wall in 

the discharge region using a Chromel-Alume) bhermocouple for 

the pressures t.O torr, 2.0 torr and 3,0 torr. These temperatures 

were recorded 30 seconds after the discharge was on. Though all 

other parameters stabilised at the end of the 30 seconds, the 

wall temperature continued to rise. The electrodes became red 

(T 

hot and the discharge had to be s\.mjphed off. 
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R]>-.R^O = ^OOKA 

^ FLUKE HV POWER SUPPLY MODEL 4088 

4 SIMPSON VTVM MODEL 321-1 

l-O Dynodes, 10 Anod«, H Photocathodc 

Fig, CIRCUITRY ASSOCIATED WITH 1P28 (PMT) FOR 

INTENSITY measurements 



transmittance 
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wavelength (nm) 

Pig. 2.6 TRANSMITTANCE CHARACTERISTICS OF THE ORANGE FILTER 
USED WITH 1P28 (PMT) 
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2.7 Gas Handling 

Matheson UHP nxtrogen and lOL (Indian oxygen) AR-2 
nitrogen are used. Most of the trial experiments are carried 
with the latter, and are repeated with the former for final 
data. The gas was let in through a rotameter (Aluminium Ploat 
of 0,936 g \7eight) from which the flow rate is obtained. 

In the titration experiment of N atoms by NO, Matheson 
UHP NO is used and r Hohe needle valve was used to control the 
flow. could not manage to procure a mass fJowiTieter; so the 

flow parameter that will iie referred to later pertains to the 
position of the needle valve plug. Since the flow rates invol- 
ved are very small, despite much and prolonged efforts a rota- 
meter similar to that used jn the N 2 line could not be cons- 
tructed . 


2.8 Double probe 

The double probe consists of a pair of tungsten wires of 

3 mm length and 1.5 mm diameter and fused into a glass tube with 

4 mm separation between each other. The differential voltage 
to the double probe is applied by a floating dc supply as shown 
in Pig. 2,2. The conditions (i) the dimension of the probe < the 
mean free path for collisions of charged witJi neutral particles/ 
and (ii) probe current « discharge current are satisfied. The 
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probe IS introduced into the discharge column mostly midway 
between the electrodes, and the tip of che double probe is 
placed on the tube axis symmetrically between tne electrodes 
in tlie discharge glow. 


2,9 Pranciple of Operation of the Double Probe 

The double probe was originally proposed by Johnson and 
13 

Mai ter. A dc bias voltage isolated from the ground is applied 
between the probes; tlie entire system floats with the plasma and 
therefore follows plasma potential. 

A voltage V is applied between the probes 1 and 2. 

If an assumption is made that is positive relative to V 2 / that 
is 

V = - Vj > O 

a current I Clows from 1 to 2 and is positive if V is positive. 
Since electron velocities are much higher than ion velocities, 
the probes in general will be negative with respect to space 
potential, For larger positive voltages the probe 2 will be 
very negative, drawing 3 on saturation current. The same would 
happen at probe 1 when the voltages are reversed. The advantage 
of a double probe over a single probe is that the total current 
is never more than the ion saturation current, thus causing 
least disturbance in the plasma. Prom the double probe 
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characteristics, the kT^ can be calculated by the intercept 

13 

method as suggested by Johnson and Mai ter ; 



(ev) 


<''d' - 


v^' )/ln 




where V^' and are arbitrarily chosen different voltages on 

the double probe characteristic as indicated in Fig. 2.7 and 

2 i 

D =: . 5 — K at V^' 

F = 7-“^ at 

ie2 ^ 


where Sip - ip^ t ip 2 , ip^ 
each probe, and i^^ and i ^2 
tial voltages V^' and . 


and ip 2 being saturation current at 
are the probe currents at dlfferen- 


Once kT^ is kno\Jn, from the knov/lodge of the saturation 

current at either probe, and the probe area, the electron 

. 14 

density can be calculated from the equation given by Bohm et al.. 


kT 

Uo = [<] ® ^ 

where 

Q = ion saturation current in amperes 
e = electronic charge in Coulombs 
Ap - probe area in c\x?’ 
kT^ ~ electron temperature in eV 
m’*' = mass of the Ng”*" ion in gm 

[N 2 **'] is the predominant ionic species with ~ ^^ 2 "^'* 



v^. Differential probe 
Voltage (volts) 



Pig, 2.7 DOUBLE PROBE CHARi^CTKRISTlC AIJD EXPLANATIOU 

TERf'lINOI.OGY U5BD IN ri , kT’ WALff/.TlON BY ItlE 
INTERCEPT METHOD 
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2.10 Procedure of Ejqperiments 

The experiments -jere conducted using all the three 
discharge tubes which differed only in 3 nterelectrode distances. 
In most experiments/ the double probe was placed in the centre 
of the glow discharge and at equal distance from cither elec- 
trode, The differential voltage is varied in the range 0 - 30 V 
dc. From the double probe characteristic the and kT^ were 
determined by the abov® mentioned method. The experiments v/ere 
carried out for each discharge tube at pressures of 1.0/ 1.5/ 2.0, 
2.5, 3,0 torr/ and at each pressure for three discharge 
currents of 90 mA, 140 rnA, 220 mA, Radiation intensity measure- 
ments using 1P28 were conducted simultaneously. 

Experiments to examine the effects of flow rates/ 
pressures on afterglow emission were carried out by controlling 
the foreline butterfly valve for any given fixed position of the 
nitrogen flow control needle valve as follows. 

With the foreline valve fully open, the pressure in the 
system v'as maintained at 1,0 torr. Then by partially closing 
the foreline valve, the pressure in the system was increased 
to 2 torr and then in another experiment to 3 torr. The same 
experiment was conducted by keeping the initial pressure at 
2 torr and then increasing it to 3 torr and 4 torr by partially 
closing the foreline valve. In both these measurements, the 
afterglow intensities were recofded at 90 inA, 140 mA and 220 mA 
of discharge currents. 



CHAPTER 3 


RESULTS 


3 . 1 Paschen Breakdown Curve of Nitrogen 

These measurements were conducted using two discharge 
tubes with inter electrode distances of 2.5 cm and 5 cm. The 
Paschen breakdown curve is shown in Pig. 3, I. The curve shows 
a breakdovTi potential of 1850 V at pd value of 0.2 torr-cm/ 
the lowest pd value used in the experiments, and passes through 
a minimum of = 250 V at pd of 3 torr~cm. The curve increased 
to a value of 2770 V at a pd of 48,15 torr-cm the highest pd 
value used. The maximum error in the pressure measurement was 
+0.1 torr and in the voluage measurements +30 \} , 


3.2 Voltage-Current Characteristics of Glows and Arcs 

Figure 3.2(a) shows the V-I characteristics of glows 
recorded at 0,8 torr, 3,<!5fcorr, 2.4 torr and 3.3 torr. For 
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Fig. 3«I PASCKEM 2S3AKDC^'N C'JRVB DF XZ'TRCGE;' 
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the range of pressures considered here the potential difference 
between the electrodes Increase directly as pressure/ and varies 
little with discharge current. These early experiments were 
done in a static system. The pressures were measured by a 
McLeod gauge v/here the maximum measurement error was +0,1 torr. 

The V-I characteristics of the arc vjith a discharge 
tube of interelectrode distance 5 cm and pressures of 1.7 torr, 
3.3 torr, and 7.5 torr are shov/n in Fig. 3.2(b). Higher the 
pressure higher was the potential difference between the elec- 
trodes. These experiments were done in a flow system and the 
pressures were measured by a McLeod gauge. 

Figures 3.3 -3.5 show the current-voltage characteristics 
of glows in three discharge tubes with in ter electrode distances 
5 cm, 10 cm and 15 cm, respectively. These measurements were 
made in a flow system at discharge currents of 90 mA, 140 mA, 

220 mA, and at each current, for 1,0 torr, 1.5 torr, 2,0 torr, 
2,5 torr and 3.0 torr pressures. The dependence of the current- 
voltage characteristics on the interelectrode spacing and 
pressure are as follows. At a given current and interelectrode 
distance, higher the pressure, higher is the potential diffe- 
rence between the electrodes . At a given current and pressure, 
the potential difference increases as the interelectrode 
distance increases. The pov/er (Vxl) varies directly as the 
interelectrode distance and pressure. 





500 600 700 800 900 1000 1100 1200 

V (volts) — >\ 

Pig. 3.4 I*V DATA OP GLOWS ( INTERBLECTRODE DISTANCE 10 cw) 
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3.3 Evaluation of Electron Temperature and Density 

The electron temperature and density were measured using 
a double probe. The double probe characteristics were obtained 
using discharge tubes with interelectrode spacings of 5 cm, 

10 cm, and 15 cm, and in each case at pressures of 1.0 torr, 

1.5 torr, 2.0 torr, 2,5 torr, 3,0 torr and three discharge 
currents of 90 mA, 140 mA, and 220 mA. 


A couple of sample double probe characteristics are shown 
in Pigs. 3.6 and 3.7. In Pig. 3.6 the double probe characteris- 
tics ore shown for discharge current of 90 mA at a pressure of 
1.0 torr. In Pig. 3.7 it is shown for a discharge current of 
220 mA at a pressure of 1.0 torr. Both these characterj sties 
were recorded with a discharge tube having interelectrode 
distance of 15 cm. 


14 


The electron temperature was determined by the intercept 

13 

method, as discussed by Johnson and Malter. The electron 
density was determined by using the expression by Bohm et al 
The calculated values of electron densities and electron tempe 
xatures for the experiments with the three discharge tubes are 
presented in Tables 3.1, 3,2 and 3.3. Maximum experimental 
errors in n^ and kT^ measurements are estimated to be 
0+0,71 x^ip^..^ cm"* and +0.11 eV, respectively. 


The following general observations can be made from the 

kT , n data shown in Tables 3.1 -3.3. 
e e 


(i) The electron 



Pig* 



3.6 DOUBLE PROBE CHARACTERISTIC*? AT 1 TORR PRESSURE, 90 rnA 
DISCHARGE CURRENT, AND IS cm IN TER ELECTRODE MTSTANCE 
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3/; DOUBLE PROBE CHARACTERISTICS AT 1 TORR PRESSURE, 

220 mA DISCHARGE CURRENT. AND 15 em IMTERELECTRODE 
distance 
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Table 3.2 Diagnostic Data Using Double 
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temperature in cteneral varied directly as the discharge 
voltage and inversely as borh the discharge current and total 
power input; (ii) The electron density varied iirectly as the 
discharge current and po'wer/ ana inversely as discharge 
voltage? (iii) The pro^iuct of the electron density and the 
electron temperature (n^kT^) varied directly as the discharge 
current and power; (iv) The product of the electron density 
and the electron temperature (n^kT^) except rvt lov? currents, 
initially increased with pressure and at higher pressures 
either remained steady or Increase by a small extent. 

In the discharge tube with interelectrode spacing of 3 5 cm 
the glow was always pink in colour (Table 3.4), but was always 
pale yellow in the tube vrith 5 cm interelectrode spacing. In 
the case where the interelectrode spacing was 10 cm, the glov; 
was generally pale yeilow in colour except at pressures 2,0, 

2,5, and 3,0 Torr and discharge current of 90 ^ 

the glow had pink tinge. Qualitative lalations betv/een the 
plasma parameters and visual appearance of the glow could be 
made by comparing Tables 3, 1-3.3 and Table 3,4. 

3.4 Wall Temperature Data 

The results of the temperature measurements, using the 
Chromel-Alumel thermocouple, on the outer side of the glass 
v/all in the discharge section are presented in the Table 3,5, 

It can be seen that the wall temperature changed directly as 
power dissipated and the interelectrode distance. 



Table 3.4 Visual Appearance of the Glow 
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3.5 Total Intensity Measurements of the Afterglov/ 

The experimental observations are presented in Table 3.6 
and f'igs. 3.8-3.10. Thxs includes the total intensity measure- 
ments of the afterglov/ carried out using RC/- lP2a photomultiplier 
using all the three discharge tubes and the entire range of 
pressiures and discharge currents. 

It can be seen that (i) the intensity of the afterglow was 
maximum when interelectrode distance was 15 cm# and minimum when 
the interelectrode distance was 5 cm; (ix) the afterglow inten- 
sity is low in the cases where the glovr colour is pale yellow. In 
general/ the intensities/ for a given interelectrode distance and 
at a given discharge current, increases with pressure; (iii) the 
intensities a3so increased with Increasing power input, and clearly 
observed in the case of interelectrode distance 15 cm when the glow 
was consistently pink, 

3.6 Effect of variations in the Plow Rate 

The results on the afterglow radiation intensity measured 
when the flov; rate was reduced by constricting the foreline 
valve are presented in Pig. 3,11 and 3.12, 

3.7 NO Titration Data 

The results of titration of N atoms by NO are presented 
in Pig. 3.13. On the NO input axis, the numbers represent read- 
inepon the rotary dial of the NO flow control valve (larger 
number presents greater flow) . 
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Afterglow Ih'tensity (PMT) Volts — 

Fig. 3.0 VT vs APTERGI.OW INTENSITY (INTERELECTRODE 
DIST/y^<C?5 10 cm) 





4 Torr 





Initial pressure I torr 
o — -o Initial pressure 2 torr 






rig. 3.12 


VI vs AS’TERGLOW irTENSlW MEASUREMENTS 

pressures palized by partially closing 
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CHAPTER 4 


Discussion 


The objective of the present chapter is to examine the 
experimental results, that is, the n^-kTg data# the afterglow 
radiation intensity data, and the NO titration data, in the 
perspective of atomic processes that are expected to be present 
in the plasma. At the pressure range of the experiments the 
contribution from collisions between the heavy-particles would 
oe relatively minor to the total population of the excited 
states and hence to the observed phenomena, and one could 
expect the electron impact processes to dominate. We intend 
to particularly examine to what extent the W atom concentra- 
tion as estimated from experimental results could be ej^lained 
in terms of the electron impact dissociation and the atom 
recombination processes. 
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i 

4,1 Present Knowledge About Electron Impact Dissociation | 

There have been a large number of studies of electron 
15-22 

scattering as well as extreme ultraviolet absorption measure- I 

23-29 _ I 

ments on nitrogen to examine the excitation and dissociation ; 

1 

processes. It has been shown that molecular nitrogen posses 
a large nuimber of valence and Rydberg states in the energy range | 

11,5-40,0 eV. Implications of the existence of these states { 

30 32 / 

have also been examined on auroral ion chemistry. Several groups | 

have carried out detailed measurements of extreme ultraviolet | 

I 

spectrum of the aurora and daygiov;, and have concluded that the | 

I 

molecular nitrogen does not contribute significantly to the ' 

33? 34 

observed extreme ultraviolet flux. The field observations have 

been in complete disagreement with the results anticipated from 

inelastic electron scattering spectrum of N 2 and from auroral \ 

3 5 ' 

energy considerations* 

3 6 

Recently Zipf and McLaognlxn have done some laboratory , 

experiments which indicate that most N 2 molecules excited to 
the manifold of singlet states are depopulated by predissocia- 
tion and not by extreme ultraviolet photons as previously ' 

assumed. This process is the major path by which N 2 is disso- 1 

dated by solar extreme ultraviolet absorption and by electron ^ 

impact. Their high resolution emission and absorption data 1 

showed very clearly that the h 2 singlet bands were strongly ; 

perturbed by both homogeneous and heterogeneous interactions/ ' 

that many bands were cut off at high J values/ and that ; 

I 

I 

I 

i 

I 


I 
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individual rotational lines were often broadened. Furthermore | 

a comparison of emission and absorption data showed that a 

number of optically allov/ed transitions were absent in the ! 

I 

photographic emission data suggesting that predissociation | 

competes effectively with radiation in depopulating these states. , 

Since these observations generally involved the use of optically i 

thick sources where entrapment effects could enhance the j 

apparent efficiency of an otherwise weak predissooiation process, 
the predissociation branching ratio (i.e., the fraction of exci- 
tations of the vibrational level v' of the electronic term k | 

that predissociate) as given by 


B 


V ,k 


■v*,k 


*v ' , k , k ^^v ’ , k ®v ’ , k 


where T^, is hhe spontaneous predissociation rate, is 

the total rate for spontaneous radiative transitions, 
is the rate for spontaneous autoionization and the rate 

ar which the level is colllsionall y quenched, could not be 
quantitatively evaluated (for other relevant work, see ref .20) , 

37 

Hudson and Carter were the first to recognize that 
thjs forbidden predissociation process might be very efficient 
in general. The absolute measurements described in the work 
of Zipf and McLaughlin support this view. We shall use the 
cross sections obtained by these latter workers. 
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These authors find that the cross sections shown here 

are in good agreement with the surface absorption result of 

. 38 , . , 39 

Winters and Kiehaus. 

The total cross section for '"dissociation obLained by 
Zipf and McLaughlin are given in Pig. 4,l(a)and the same values 
are presented in Table 4,1. 

The dissociation rate coefficient obtained after integra- 
tion of the cross sections over Ma:<wellian kinetic energy distri 
bution of electrons is shovm in Pig. 4.1(b). 


4.2 A Model of the Dissociation and Recombination Processes 

A simple theoretical model for dissociation of nitrogen 
in glow plasmas can be constructed using a minimum number of 
processes, viz., electron impact dissociation of nitrogen mole' 
cules into atoms, and both volume and surface recombination of 
nitrogen atoms. These processes can be eu^ressed as follows s 

(i) electron impact dissociation; 


N 2 + e 






N + W + e 


(4.1) 


I 


(ii) three- body gas phase recombinations 

2—^ N2 + M 


N + N + M 


.. (4.2) 


I 



Rate Coefficient (cm^ mot 
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Table 4.1 

Total Cross Section for tlie 

3 6 

by Electron Impact 

Dissociation of N 2 

Energy 

Optically thin 
cross section 

Optically thick 
cross section 

10.0 

1.27 (-18) 

1.27(-18) 

10.5 

1.87(-18) 

1.87(-18) 

11.0 

2.49(-18) 

2.49(-18) 

12.0 

4.92(-18) 

4.92(-18) 

13.0 

1.10(-17) 

1.12(-17) 

14.0 

2.35(-17) 

2.43(-17) 

15.0 

3.36(-17) 

3.58(-l7) 

16.0 

4.41(-17) 

4 .75(-17) 

18.0 

6.23(-17) 

6.82(-17) 

20.0 

7.74(-17) 

8.56(-17) 

22.0 

9.46(-17) 

1.05(-16) 

26.0 

1.21(-16) 

1.36(-16) 

30.0 

1,39(-16) 

1.58(-16) 

35.0 

1.50(-16) 

1.72(-16) 

40,0 

1.59(-16) 

1.83(-16) 

50.0 

1.75(-16) 

2.03(-16) 

60.0 

1.86(-16) 

2.16(-16) 

70.0 

1.94(-16) 

2.24(-16) 

80.0 

1.97(-16) 

2,27(-16) 

90.0 

1.98(-16) 

2.27(-16) 

100.0 

1.96(-16) 

2.24(-16) 


(iii) surface recombination: 


N + N 


surface ^ ^2 


( 4 . 3 ) 


whexe Tg represents the gas temperature and represents the 
wall temperature. The rate equation expressed in terms of IJ 
atom concentration is therefore given by; 


-'^3<Tw'V •• 


In the steady state, the concentration of N atoms, 
therefore, is 

, 1/2 ( 

k2(Tg)[*^2^ + ’'3<VV 

which at the high pressure limit becomes 



W = (ki(T^)npl/2 


.. ( 4 . 6 ) 


and at the low pressure limit becomes 
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4.3 The Volume and the Surface Recombination Processes 

We now exainine the pattern of variation the N atom con- 
centration may be expected to follow under the conditions of 
the present experiments. This could be done by substituting 
numerical values for the terms in the denominator of Eqn. (4,5) . 

Some data on volume and surface recombination of nitrogen 
atoms are given in Table 4.2, 

4 

Golde and Thrush recommend for tlie process N + N + 1^2 
the following rate coefficient: 

^q- 33.2 i(4,2 + 1.3)/2 RT} cm^molecule“^s”^ .. (4.8) 

where RT is expressed in KJ mol"^. At SOO'^K, RT has a value of 
2.49 KJ mol”^, and at 500‘^K, it has a value of 4.16 KJ mol 
The corresponding values of the rate coefficient therefore are 

k 2 (300°K) s= 3.41 X 10““ cm molecule s” 
and k 2 (500°K) « 1.74 x lO"^^ cm‘^molecule"^s''^ 

At 1 torr, one therefore has 

kj (300°K) [N2]3 oo°k= ^ cm^olecule' 

and kj (500°K) 3-360 x cm^moleomB" t 



65 



66 



67 


"-15 3 

In comparison/ from Table 4,2 has a value of 1.7 x 10 cm 
-1 - 1 

molecule s . Therefore the disappearance of N atom due to 
volume recombination may be neglected in comparison to surface 
recombination at 1 to^r; only at about 10 torr region/ the 
former may be expected to make substantial contribution. For 
the present purpose we may use the low pressure limiting expre- 
ssion for N atoms, that is, Eqn. (4.7). 

4,4 Power Dissipated in the Plasma and n^, kT^^ Variations 

The power dissipated in the plasma is given by the 
product of the plasma current and the voltage drop across the 
plasma column. These data for both glows and arcs have already 
been presented in Pigs. 3,2 - 3,5. 

While the electrical characteristics of a plasma have 
its origjn in the fundamental atomic processes that take place 
in the plasma, the nature of this dependence is complex. There- 
fore, the I-V data is not directly usable for examining the 
atomic and molecular processes. In diffuse plasmas, where the 
electron impact processes usually dominate, the quantities that 
can be directly correlated with atomic processes are the electron 
density (n^) and the electron energy distribution (specified by 

kT if there is an equilibrium distribution) . one would, there- 
e 

fore, first be interested in the nature of relationship between 
I, V values aiid the corresponding n^/kT^ values, n^ and kT^ 
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may be expected to bear a close relationship with I and V, 
respectively, and from this one could expect some relationship 
between the products n kT and IV, the latter being the power 
dissipated in the plasma. 

In Figs, 4.2 “4,4 we present the experimentally obtained 
relationships between the n kT and IV products for three 
discharge configurations that differ in interelectrode distaiices . 
The major observation is that there is indeed a broad direct 
relationship between the two products. In terms of dotailv 
the ratios of the products depend on both the interelectrode 
distance and pressure. 


4 • 5 N Atom Concentration from the Model 

Since at the pressure range of the present experiments 
the contribution of the volume recombination is negligible, 
we need to consider only the contribution of the surface 
recombination which would be constant at a given wall and gas 
temperature. While the wall temperature will definitely undergo 
a certain change depending on the extent of recombination, as 
a first approximation we take it to be invariant and equal to 
the ambient temperature; we shall later comment on the effect 
on the results of a change in the wall temperature. Likewise, 
we assume that the gas inside the plasma tube is also at the 
ambient temperature. With these assumptions, the N atom 



SY cm 









n^KlallO'" eVcirf 




72 


concentration can be calculated directly from Eqn. (4,7) by 
evaluating the electron impact dissociation rate coeffieient 
pertinent to the electron temperature of the plasma, and using 
relevant values of the density of N 2 molecules and that of the 
electrons. 

n^/ data of tlie various p] asma configurations and 

for a range of pressures have already been presented in 
Tables 3.1 -3.3. The corresponding K atom density values, 
obtained by use of Eqn. (4,7), are presented in Tables 4.3 -4.5. 
A plot of values as a function of kT^ was already given 

in Pig. 4.1(b). values corresponding to the kT^ values 

of the experiments are read off from this fdgure and entered 
into Tables 4,3 -4,5, Evaluation of N atom density using 
Eqn. (4,7) and for kj a value of x lO”* cm molec sec” 

then is straightforward. Plots of N atom density as a function 
of input power using the data from Tables 4,3 -4,5 are shown in 
Figures 4.5 -4,7. 


4.6 Estimates of N Atom Density from Photomultiplier Data 

A relative estimate of N atom density from experimental 
data can be made on the basis of photomultiplier signal data 
presented in Table 3.6, Pigs. 3.8-3.10 and an assumption of a 
mechanism of radiation emission in the orange— ye) low region, 
the spectral region that is seen by the photomultiplier when 


Table 4,3 Nitxogen Atom Concentration Prom Model Using Electron Impact Dissociation 
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™ orange filter is Interposea between the afterglow ana the 
pnotomultiplier tube. 

The meohanlsr, of the Lewla-Raylelgh afterglow In the gas 

phase is believed to oonsis t of the following processes 

(Berkowite et al./® Bayes and Kistiskowsky,^° and Anketell and 
Nicholls^ ) ; 


N + N + M w; 


^2 (^^g, u = 0) + M 

^2 ^ \^=0) + M 

£S 

•y 

^2 (B , V = 10"12) + M 


ss 

(8' ^ 2 ;;, V =6~8) + M 


ss 

+ M 



(a^Fg) + M 

1^2 , V =10^12) 

y 

- 

^2 ( V =6-8) + hV 

1^2 v»6-8) 

sr 

^2 =2-4) + 

*^2 v=2-4) 

- 

^2 ( , \y = 0 - 2 ) + hi* 

Nj (W^A^) 


Nj (B^Fg, V =-5-7) + 

N 2 (B^TTg, V == 5-.?) 

- 

N 2 (A^bJ, v= 2-4) + hv 

Nj (alTTg) 


N, (X^’S^) hV 

^ 9 

Nj (A^B* v=:7-.9) + M 

^ vJ 
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^2 ^ “°"2) + M 
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The afterglow spectrum consists of first positive bands i. 

3 3 

n Tl^ - A S,, (500 1100 nm) , infrared afiarglow 

(700-1100 nm) Lyman-Birge-Hopfield (145 - 185 nm) 

and Wilkinson-Mulliicen ultraviolet a' ^2’* - xlg*^ (150-190 nm) 

3 '^0 

systems* 

The resulting processes causing volume recombination of 
N atoms and emission in orange-yellow region could therefore be 
broadly expressed as 


N + N + M ^ N2*’+ M 

^2 + M ^ ^2 + ^ 

if . 

^2 — ^ ^2 


.* (49) 

.. (4.10) 

.. (4.11) 


The rate of photon emission would be directly proportional to 
[Ng*]* that is# it can be expressed as a[n 2*]# where A is the 
transition probability, in the steady .tate [N2*] could be 
expressed as 



[n]2 [m] 
K* 


.. (4.12) 




'S 

I?' 

i 


or, [n] can be expressed as 


[n] 


r^!2!L] 

K'[M] 


1/2 


K [i 


1/2 


[M] 


» * 


(4.13) 
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where is the photocurrent generated by the radiation inter- 
cepted by the photocathode. In this case we should e^jpect the 
N atom density to be proportional to the square root of the 
photomultiplier current/ or a voltage developed by this current. 
We should add here that though there exists differences in 
opinion about exactly what is the precursor to the emitting 

B^TT state/ as long as it is pred<xninantly populated by a 
9 

collisional process/ the expression for [n] should hold. This 
latter data is available from Table 3,^ and are collectively 
plotted in Pig. 4.8. For evaluating relative N atom densities/ 
we therefore evaluate the ratio of the square root of the photo- 
multiplier voltage to the square root of the relevant pressure. 
This ratio is plotted against the input power and is shown in 
Pig, 4.9, 


4,7 N Atom Density in the Plasma and at the Position of 
the Afterglow Measurements 

The basis of malcing an estimate of N atom density using 
photomultiplier data is that recombination of H atoms leads to 
excited electronic states of N^, and the rate of photon emission 
from such excited states could be used, in a reverse applica- 
tion, to estimate the M atom density. It is, therefore, essen- 
tial that direct electron impact excitation to the electronic 
states does not Interfere with the afterglow measurements, and it 

is required that the measurements be made where such excitation is 
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^bsent,as would be true at a position substantially downstream 
from the plasma regron. For this reason, in the present experiments, 

photomultiplier measurements were made far downstream from the 
glow region. However, if a comparison of the plasma N atom 
density with the N atom density derived from the afterglow? 
measurements is to be made, then it is necessary to have an 
estimate of the decay of N atom density from the glow region to 
the position of the photomultiplier measurements. 

If tlie major process of N atom disappearance is by surface 
recombination 


N -f* N 


surface™^ 


..( 4.3 ) 


then the disappearance of N atom could be expressed as 


d[N] 



..( 4 . 14 ) 


which on integration gives 


[N] 


[kJq 


..( 4 . 15 ) 


atorns cit xmti3.tion of 

where [h]„ representa the density of h atoms a 

/ x, IS th® N ©torn density 

the recombination process (t-0) and 

after t seconds * 
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The time for which the recombination process acts after 
the atoms leave the glow region till they reach the photomulti- 
plier measurement point could be calculated from the linear flow 
rate. Talcing the volume flow rate of the pump as 15.75 lit .sec ^ 

(945 lit/min) the linear velocity is l5750/7r (1.3)^ = 

-1 

27.5 m.sec . The distances from the pump end of the discharge 

tube to the measuring point were 155 cm^ 150 cm and 145 cm# 

resi^ectively for the tubes with 5 cm, 10 cm and 15 cm interelec- 

trode distance. Since [n] in all the cases are of the order of 
12 

10 , hence 


t - = 0.055 sec. 

1 

For an order of magnitude estimate of the [n]/[n]q we can 
write, from Eqn. (4.15) • 

1 .. (4,16) 

1+[n]o ’"3^' 

1 

1+10^^ X 3 X 10“^ X 5.5 X 10““ 

= 0.9999 


w 

Mo 


So there is less than 0.01% disappearance of N atoms. Even if 
the linear velocity is one- tenth of what has been used above, 
(implying a residence time of 0.55 sec) difference in the N 
atom densities would be Insignificant. Ther'efore, the N atom 
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density when the gas emerges from the plasma and at the point 
of photomultiplier measurements could be taken as practically 
the s ame . 


4*8 Comparison of N Atom Densities from Afterglow Intensities 
and those from Calculations 

We now compare the N atom densities calculated from the 
theoretical model against the relative N atom densities estima- 
ted from the experimental measurements of afterglow intensities 
as shown in Pig. 4.9. For this purpose we combine Figs. 4. 

4.7 into Pig. 4.10 which represents the theoretical results at 
300'^K. We have already commented on the limitations of using 
VI as a parameter to view other plasma properties that depend 
on atomic processes. We still use VI in Pig. 4.9 and Pig. 4*10 
for convenience; however, we should keep in view the relation- 
ship of TV and n^kT^ as shown earlier. 

If we ignore the details of the curvatures of the plotted 
lines, a few general observations can be mafle: (i) the relative 
alsposltion of the groups of theoretical curves for glows with 
interelectrode spaoings 5 cm, 10 cm, and 15 cm Is In agreement 
with that obtained experimentally from afterglow intensities, 
(11) In each Individual group of curves the effects of pressure 
on the nitrogen atom density are similar in the «,eorstical 
curves and the curves from afterglow Intensities. These are 



Pig* 4.10 VT (WATTS) VS NITROGEN ATON DENSITY (CAICULA'JOD PROM 

BXPERJMENTAI, VALUES OP n„ AND KT , OBTAINED FOR ItlTBP- 
ELECTRODE DISTANCES 5, 1(7, AND 15 cm AMD SOP PACE RECOMB I- 
>nTIOM RATE rOEPPICtENT AT 100 K) 
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the substantial broad agreements* The ratio of maximum to 
minimum N atom concentration in the theoretical curves is 
about 5/ in comparison to about 18 for the corresponding ratio 
from afterglow intensities. 

The most striking difference between the theoretical 
curves and the curves from afterglow intensities is the overlap 
between the three sets of theoretical curves (from the three 
discharge tubes) while the sets from the afterglow Intensities 
are roJatively separated from each other* Clearly, if a reason 
could be found that would space the groups of theoretical 
curves somewhat apart, that would at the same time bring close 
the ratios between the maximum to the minimum nitrogen atom 
densities . 

In the simple theoretical model that we considered the 
effect of gas temperature, wall temperature, and their effects 
on the recombination was not taken into account. Pata exists 
on tlie temperature dependence of the surface recombination. Accor- 
ding to Campbell and Thrush, surf ace recombination has an activa 

tlon energy of 620+50 cal mole'^ In the temperature range 
196-327°K. Although we have no data on the Inside wall tempe- 
rature, the temperature of the outside wall Increased upto about 
350 °K. (Table 3.5). If We consider the positive activation energy 
stated above, then the recombination rate would increase with 
temperature, and in Eqn.(4.7) since [nJ would decrease with 
increase of temperature, the overall affect will be a decrees a 
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of N atom concentration* This is shown in Fig, 4,11 which is 
insignificantly different from Pig. 4,10. What is needed to 
bring the theoretical and the afterglow i4 atom densities close 
seems to bo higher rate coefficients of dissociation at given 
kT^ values. This may mean that additional dissociation 
processes which have direct or indirect dependence on electron 
impact processes do play a considerable role. 

The details of curvature of a specific plot of N atom 
density as power changes follows a complex pattern. While an 
understanding of what would improve correspondence of theore- 
tical curvatures with those obtained from afterglow intensi- 
ties are difficult, how the N atom density plots acquire a 
particular curvature may be understood by following the calcula- 
tion of the theoretical N atom density in a specific case. 

Let us consider the curve 5 for 15 cm interelectrode 
distance as it appears in Pig. 4.10 or Table 4.5. While the 
increase of power from 154 Watts to 275 watts through 185 Watts 
Involves a mono tonic increase of electron density (2.20 x 10 
cm’t 2.18 X lo”-® am'®, and 6.30 x 10®° cm'®, respectively), 
the electron temperature KT^ drops from 4.21 eV to 3.^1 ev 
through 3.78 ev. It is the peculiar shape of kiCWg) 
given in Pig. 4.1(b) that changes the pattern of the product 
since the drop in )Ci(M^) 1= independent of 
increase that took place as a result of plasma current Increase 



V wiaiLi>y 



NITROGEN ATOM DENSITY (cm'’) 

Fig* 4*11 VI (WATTS) V3 NITRCX3EN ATOM DENSITY (CALCULATED PROM EXPERI- 
MENTAL VALUES OP n AND kT^^, OBTAINED FOR INTERELECTRODE 
DISTANCES 5, 10, AND 15 cm AND SURFACE RECOMBINATION RATE 
COEFFICIENT AT 350®K) 
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So the shapes of the N atom density curves would be controlled 
by both the plasma parameters and the peculiarities of the rate 
coefficient curves . 


4,9 Conclusions and a Critique 

The work involved examination of the process of disso- 
ciation of nitrogen molecules in dc glow plasmas and an attempt 
to correlate the observations with the major atomic processes 
taking place in the plasma, n /kT were measured in the plasma^ 
and estimates on nitrogen atom concentration were made from 
afterglow radiation intensities. Correlations between the 
theoretical predictions of nitrogen atom densities and those 
estimated from afterglow intensities were examined. Broad 
agreements in trends are observed, 

A major deficiency of the work is that the nitrogen atom 
concentrations are not measured directly, such a measurement 
Would have rendered much additional strength to the conclusions 
that are derived from somewhat indirect data, similarly, some 
simultaneous spectroscopic measurements on the glow plasma 
Itself would have been valuable. That would have probably 
shown the quantitative role of a number of electronically 
excited molecular nitrogen states in the dissociation process. 

That it was desirable to measure the nitrogen atom con- 

realised. However, the reasons it 


centration directly was 



could not be achieved were non- scientific, but perhaps this 
could be just mentioned, vie had ordered a custom-built 
equipment ~ a mass spectrometric plasma sampling system for 
analysis of positive and negative ions as well as neutrals, 
and energy analysis of the ions. This imported equipment 
(schematic diagram in Appendix) which arrived nearly a year 
late, unfortunately did not perform even for once satisfactorily, 
either for the plasma ions or for the neutrals (the equipment was 
not tested by the manufacturer for actual plasma sampling). We 
made extensive tests for months with the system and our conclu- 
sion is that there is an inherent design problem about the 
alignment of the first sampling aperture, the aperture on the 
differentially pumped section, the ion source housing aperture, 
and the ion cage wherein the ionization takes place. For nearly 
a year we have failed to get the fault rectified by tbs manu- 
facturer and there are no indications that it will be remedied 
in the foreseeable future. Likewise our pursuance for more 
than a year about a set of Matheson mass flowmeters (which 

would have permitted absolutely N atom concentration measurement 
from NO titration) have also been unsuccessful and there seems to 

be no hope of its arrival in the near future. However, although 
such direct absolute measurements would have added substantially, 
the afterglow intensities and nitrogen atom concentration relation- 
ships have been studied by a number of workers for one to depend 
on the results. As regards the spectroscopic measurements on 
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the plasma ibself# they weire not planned to be part of the 
present work# and this could constitute a separate investi- 
gation. 

On the positive sicle» this is probably the first detailed 
attempt to correlate plasma parameters with the process of 
nitrogen dissociation in dc glow plasmas. A quantitative under 
standing of all the processes that participate in the dissocia- 
tion is clearly far from complete, but the v/ork probably 
consbitutes a positive step. 



REFERENCES 


97 


1. H.W. Drawin in ’‘Reactions Under Plasma Condi taons , Ed. M. 
Venugopalan, Wiley Interscience, Ne^^/ York, 1971, p. 55-123 . 

2. B. Brocklehurst and K.R. Jennings in “Progress in Reaccion 
Kinetics," Ed. G. Porter, Pergamon, Oxford, 1967, p,l-*36. 

3. J. Anketell and R,W» Nicholls, Rep. Prog. Phys., 33, 269 
(1973). 

4. M.F. Golds and B.A. Thrush, Rep. Prog. Phys., 33, 1265 
(1973) . 

5. M.L.Spealman and W.n. Rodebush, j. Amer. Chem. Soc., 57, 

1417 (1935). 

6. G.B. Kistiakowsky and G.G. Volpi, J. Chem, Phys,, 22 ,, 1141 
(1957) . 

7. P. Kaufmann, J. Chem. Phys., 28, 352 (1958). 

8. P, Harteck, R.R. Reeves and G.G. Mannella, J. Chem. Phys., 

608 (1958). 

9. A. Westenberg and N. De Haas, J. Chem. Phys., 40, 3087 
(1964) . 

10. H. von Weyssenhoff and M, Patapoff, J. Phys. Chem., 6^, 

1756 (1965) . 

11. M. Sutoh, y. Morioka and M. Nakamura, J. Chem. Phys., 7^, 

20 (1980) . 

12. R.A. Young and R.L. Sharpless, J. chem. Phys,, 1071 

(1963) . 

13. E.O. Johnson and R. Malter, Phys. Rev., 58 (1950). 

14. D. Bohm, E.H.S. Burhop, H.S.W. Massey and R.W. Williams in "The 

Characteristics of Electrical Discharges in Magnetic Fields," 
Vol. 5, Ed, A. Guthrie and R.K. Wekerling, McGraw Hill, 

New York, 1949. 



98 


15, E.N. Lassattre and M.e. Krasnow, J. Chem. Phys., 40, 1248 
(1964). 

16, S.M. Silverman and E.N. Lassattre, j. chem. Phys,, 42, 3420 
(1965), 

17, J, Gieger and B, Shroeder, j. chem, Phys., 7 (1969). 

18, E.N. Lassettre, Can, j. chem., 1733 (1969), 

19, A.J. Williams and J.p, Doering, Planet. Space Sci., 17, 
1527 (1969). 

20, A.J, Williams and J.P. Doering, J. Chem. Phys., 51, 2859 
(1969) . 

21, R.T, Brinkman and S.Trajmar, Annls. Geophys., 201 

(1970). ■“ 

22, E.N. Lassettre in"Methods of Experimental Physics,” Ed, 

D. Williams, Academic Press,. New York, 1974. 

23, R.E. Huffman, Y. Tanaka, and J.c. Larrabee, J, Chem. phys., 
39, 910 (1963). 

24, S.G. Tilford and P.G. Wilkinson, J, Moi. Spect. , 12, 347 
(1964). 

25, S.G, Tilford and P.G. Wilkinson, Astrophvs. J,, 141 , 427 
(1965) . 

26, G.M, Lawrence, D.L. Micky, K. Dressier, J, Chem, phys,, 48 , 
1989 (1968). 

27, P,K, Carroll and C.P, Collins, can. J, Phys., £7, 563 
(1969) , 

28, K, Dressier, Can, J. Phys., £7, 547 (1969). 

29, P,ic. Carroll, and K. Yoshino, J. Phys. B, 5, 1614 (1972). 

30, E.C. Zipf, E.O.S., 54f 403 (1973), 

31, E.C. Zipf, E.O.S. , 5£, 1155 (1973). 

32, G.M, Lawrence and M.J. McEwan, J, Geophys. Res., 78, 8314, 
(1973) , 



99 


33. A.B. Christensen, Geophys, JRes. Lett,, 3 , 221 (1976). 

34. H. Park, P.D. Feldman and W.G. Fastie, Geophys. Res. Lett., 
4, 41 (1977). 

35. M.H, Rees, Planet Space sci., 23, 1589 (1975). 

36. E.C, Zipf and W.M.C, McLaughlin, Planet Space Sci., 

449 (1978). 

37. R.D. Hudson and V.L. Carter, Can. J. Chem, , 1340 

(1969) . 

38. H.F. Winters, J. Chem. Phys., 44, 1472 (1966). 

39. A. Niehaus, Z. Naturf., ^22 , 690 (1967). 

40. W. Brennen, and S.C. Shane, J. Phys. chem., 7_5, 1552 
(1971) . 

41. M.A.A. Clyne and D.H. Stedman, J. Phys. Chem., 71, 3071 
(1967) . 

42. K.H. Becker, W. Groth and D.Kley, Z, Naturf., A^, 1840 
(1969) , 

43. I.M. Campbell and B.A. Thrush, Proc. Roy, Soc., A296, 201 
(1967) . 

44. H.H. Bromer and W, zwirner, Z. Naturf., A^/ (1969). 

45. K.M. Evanson and D.S. Burch, J. Chem, Phys., 45, 2450 
(1966) . 

46. J.T. Herron, J.L. Franklin, P. Bradt and V.H. Dibeler, 

J. Chem. Phys., 3^/ (1959). 

47. T. Wentink, J.O. Sullivan and K.L. Wray, J. Chem. Phys., 
29, 231 (1958), 



100 


48. c. Mavroyannls and C.A. Winkler / Can. J. Chem,^ 1601 
( 1961) . 

49. j. Berkowitz, W.A. Chupka and 3.B. Kistiakowsky, J. Chem, 

Phys., 4 57 (1956). 

50. K.D, Bayes and G.B, Kistiakowsky, j. Chem. Phys.y 22 > 
(1960) . 



APPENDIX 





A NOTE OF CORRECTION TO THE THESIS ENTITLED ; " ROLE OF 
ELECTRON DENSITY AND ELECTRON TEMPERATURE IN DISSOCIATION 
OF NITROGEN IN DIFFUSE GLOW PLASMAS." By C. S. Sreekanth 

In the theoretical model of dissociation of nitrogen 

in glow plasmas discussed in the above thesis, the direct 

electron impact dissociation rate coefficient kj^ was evaluated 

by integrating the relevant cross section from the work of Zipf 

and McLaughlin . I have recently detected an error in the 

numerical evaluation of this rate coefficient. The correct rate 

-d 3 —1 

coefficients are of the order of 10 cm sec . As a result the 
theoretical density of N atoms [n] calculated for the experimental 
n^^kTg conditions would now come out as^/10■^ cm” , implying a large 
percentage of dissociation. In view of this we reconsider the 
model, with some additional rate process along the following lines. 

The steady state equations involving the rates of [n^] 
and [n] changes are given by 

kgi [N2]ng-kj^n^[N+] - - kj,^[N][N+] = 0 (1) 

and 

2ki[N2Jng + 2k^^[Npn^ - 2k^[nf - 2k2[N]^[N2]- k^ J nJ][n] =0 (2) 

where the rate coefficient k^^ stands for electron impact ionization, 
k^r represents the disociative recombination of N^ ions with 
electrons to yield N atoms, k^^ the first order diffusion rate 
coefficient of N^ ions, k^^ the rate coefficient for the charge 
transfer reaction between ion and N atoms, kj^ represents the 
direct electron impact dissociation of N 2 into N atoms, and 
and k 2 are respectively the rate coefficients for surface and 


2 


volume recombination of N atoms. 

Kgi IS evaluated using the cross section from Mark . 

^dr taken from Cunningham and Hobson The first order 

diffusion rate coefficient k^^ is obtained by assuming 
^wd ~ ( see. for example, ref. 53 ) with D^P v 200 

cm torr s ( ref., 54 ) (D : ambipolar diffusion coefficient, 

Q 

r^: tube radius ). k^^ is taken as lO”'^ cm^ s“^ ( ref.53). The 
electron Impact dissociation k^^ is evaluated using the total 
cross section from Zipf and McLaughlin . Both the electron 
impact ionization and dissociation rate coefficients are evalu- 
ated by integration of the relevant cross sections over Maxwellian 
electron energy distributions in the kT^ range of the present 
experiments. 

Among the terms containing [N^] m eq. (1), both 

3 —1 

'^dr'^e ^wd order of 10 s and could be neglected 

in comparison with k^^[N] even if the extent of dissociation is 

as low as 0.1 per cent, i.e., [n] = 10 cm“ . Hence the left 

side 0 ^ eq. (1) reduces to only the first and the fourth term. 

We have already shown that the volume recombination term 

is negligible in comparison to the term involving surface recomb- 

-7 3—1 

tnation . Further, k^^, being of the order of 10 cm s , n^' of 
the order of 10^^ cm”^ ( and hence [N^] not greater than 10^^ cm”^), 
of the order of 10“^ cm“^ s“^, [N 2 ] of the order of 10^^ cm“^, 
the second term of eq. (2) is about 3-4 orders of magnitude 
smaller in comparison to the first thrm; hence the former may be 
neglected for the conditions of the present experiment. 
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Using the rate coefficients as stated above, substi~ 

tuting an expression for [^^ 2 ^ from eq. (1) into eq. (2) and 

solving for [n], [n] for the entire range of experimental 

conditions could be obtained. Earlier, the [N] was presented 

in 'Fig. 4.10. With the present rates, the pattern remains 

12 

similar, however with a change of scale from 1-5 X 10 to 
1-6 X 10^^ cm“^. 


As regard the [n] from photomultiplier signal intensity, 
the [n] in the steady state could be expressed as 


[N] = 


A[N2]+Q[N2][N23 
> ko [Nol 


1 

'2 


Cl. 


Q[N2]l2 


'k2 [N2 3 


where Q is the quenching coefficient of the excited state and C a 
correction factor to quantitatively include all the photons emitted 
cm~^ of the afterglow system. In the absence of the quenching 
term [nJ may be expected to be proportional to the ratio of the 
square root of the photocurrent and the square root of [N 2 ]» This 
ratio wasplotted against the IV product and was shown in Fig. 4. 9. 


Although the quenching coefficients are known and there 
are reports in the literature wherein they have been used in 

estimating population densities of excited nitrogen molecular 
states in the pressure range 1-10 torr, we are unable to add the 
contribution of the quenching term to the emission term since the 
latter is not an absolute intensity measurement. However, if the 
first term In eq. (3) is taken as a partial contribution to the [Nj, 
then because of the second term it may be expected ( since [n|] 
would be proportional to the square of [N])that inclusion of the 
quenching correction in Fig. 4.9 would have relatively more effect 
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on the high [N] points* As a result the span of [N] would 
increase, and for the same reason there is likely to be overlaps 
in [n] obtained from the three different discharge tubes. 

If we compare the (new) calculated values of [Nj from 
fig. 4*10 with [N] variations as presented in Fig. 4,9 ignoring 
the details of the curvature of the plotted lines ( the curva- 
tures arise primarily due to the pecularities of the k-) -kT^ curve) 
a few general observations can be made ; (i) the relative disposition 

of the groups of theoretical curves for glows with interelectrode 

% 

spacings of 5 cm, 10 cm, and 15 cm is in agreement with that obta- 
ined experimentally from afterglow intensities? (ii) in each 
individual group of curves the effects of pressure on the nitrogen 
atom density in the theoretical curves are similar to those on 
the corresponding curves obtained from afterglow intensities. 

These are the substantial broad agreements. The ratio of maximum 
to minimum [N] in the theoretical curves is about 3,6, in comparison 
to about 18 for the corresponding ratio from afterglow intensities. 
Another striking difference between the theoretical curves and the 
curves from afterglow intensities is the substantial overlap 
between the three sets of theoreticalcurves ( from the three tubes) 
while corresponding sets from the afterglow intensities are 
considerably separated from each other. 

The most disturbing result from the calculations is the 
very high percentage of dissociation of N 2 molecules, contrary 
to the generally held view that in nitrogen glows the dissociation 
is of the order of a few per cent. We have no experimental quanti- 
tative data on the absolute density of nitrogen atoms in the 
p 3 ;;' 0 g@iT(; woik aQalnst which our calculated results could be compared. 
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We can only examine the various aspects of the atomic processes 
that have been considered in the calculations that result an the 
apparent high value of [n]. 


A high value of [N] can result due to excessive import- 
ance of the source terms and inadequate weightage given to the 
loss processes. The overshelming source term is the direct 
electron impact dissociation. If the total cross section of 
Zipf and McLaughlin is taken, the rate coefficients are of 
the order of lO”^ cm^ s“^ { integration of the cross section 
carried out between 10-100 eV; contribution from the region 
beyond 100 eV is negligible ). There is little difference between 

optically thick and optically thin rate coefficients in this 
^ ^ 3 JL 

range ( at kT^ = 4 eV, k^ ( optically thin ) = 1.40 x 10 cm fe , 

k^ ( optically thick ) = 1.55 x lO"*^ cm^ ). These cross 

sections imply a rate of N atom productionA/lO^*^ cm^ s ^ in the 

glow, and it must at least be so in the axial region where the 

n .kT measurements were carried out. Aodition of any other hitherto 

unsuspected major source ferm in eq. (2) would only increase [n] 

further. 


Among the loss processes, the surface recombination and 
the charge transfer process are comparable in significance; 
their relative weightage depends on the nitrogen atom density , 
a high surface recombination rate or additional N atom reactions 
couldlowar[N]. Among additional N atom reactions the following 
sequence suggested by Young eta should be considered: nJ tN 
nJ t N-^N^ t N , where is generated by a reaction 

2 wo. lyll 


of No with No molecules. 
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Quantitatively, however, the N atom loss process in 

reactions with and would proceed parallel to the reaction 

of N atom with N^, which is the major reactive loss process 

-9 3 “1 

basides the surface recombination. If we take 10 cm s 

for rate coefficient of all these reactions, the N atom loss 

rate would then depend on the steady state concentration of 

of low pressure 

the ionic reactant. Since in mass spectrometric studies / pure 
nitrogen glow discharge [N^] and [N^] are substantially lower 
than that of ( see, for example, ref 58 so although the 

reactions of N with and would contribute to the N loss 

process, their contribution may be expected not to be overwhelming. 

Another posiibility due to which a lower [N] may be 
expected is when the effective kT^ in the glow is substantially 
lower than that measured in the axial region. This would result 
in the direct electron impact dissociation producing much less 
N atoms. We find that at kT^ of 1.5 eV,k is 7,29 x cm^ s 

and it has a value of 1.38 xlO'^S s'l at kT^ of 1.0 eV. In terms 

of the cross sectional area of the tube, the halfway value is 

realized at about 0.75r^. From the radial electron temperature 
profile of arcs , at 0.75r^, kT^ drops to about half of that on 
the axis. If the glow, behaviour Is qualitatively similar then 
this would tend to explain the lower [N] since while the charged 
particle concentration also drops radially, the dissociation 
rate coefficient drops much faster. 
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On use/negleot of reaidenoe time measurements and correlations 
with N atom formation 1 

QuantitatiYe raeaeurements of the absolute residence times could 
not be made due to lack of calibrated flowmeters. Howerer, the 

effect of residenoe time on N atom oonoentration, when the ▼o.lume 
flow rate, is changed, has been presented in Pigs. 5*11 and 3*12. 
It clearly shows that in the range of experimental oonditione, 
there I 0 a direot dependence of the N atom oonoentration on thb 
residenoe time* Since the extent of atom recombination is insig- 
nificantly affeotad (as shown in the thesis), the results may be 
taken to indicate electron impact dissociation of a larger number 
of molecules when the sojourn time is high. 


On the relative role of vibrational energy exchange and direot 
eleotron impact dissooiationi 

According to refs, (a) and ( 0 ). the vibrational exchange ecntri- 
butlons are important for #/N x 10 volt-om ) at higher 
ll/H values they are relatively unimportant. The^^resent exger - 
mental studies are in the Jl/N range of x 10 ^0 

(evaluated using Tables 3«1r5»2) where the vlbratlona exc 

atlvelv minor and could be 


i'll' pi jii'nlat t 'll >1 (I ii.i il tii'iijf'ii no anulyni' har bi-'en uiad€ 

ii'ilnp null)! 

('!u' th nin pt’i'iu’ii 1 . ' 'luUijn on th-' jiiilow r<i/2lon. Thi"* ph jnoii'eaolo^ 

1“V data c>r Ih ^ arc w’re prijo^ntcd Juot for the pu*po8e 
ol a comparison wiDi glow data as come preliminary experiraenta 
WJth arcs were carried out. No ooncluaions on the arc processes 
ai'c claimed. 

/ 

4 0 On keeping the wall temperature constant by a water Jacket 
and esUmating the wall temperature j 

The primary reason we did not use a Water Jacket is that roeasure- 
menta are much more ronvenient without it. We made temperature 
measuremenl of the outer wall of the tube with a thermocouple 
and assumed 1 t to be close to the inner wall temperature. The 
Juatlfioatioij >s that in convective cooling in stationary ambient 
air, the heat lo'^s Is small, and so la the temperature differential 
across the will, which ensures proximity of the inner and the 
outer wall temp jratures . (A rough calculation shows that for 
an outside wall temperature of 375'*K, an Inside wall temperar 
ture of about 590®K may be expected.) 


5. on the assumption of Maxwellian distribution of electron energy 
and effect on results; 

The linearity in the double ^robe semilog plot of 1-7 data shows 
that the clJstributlon ia not far from Maxwellian. However we may 
add that wUh the direct electron impact dissociation cross section 
used in the present work and a consideration of Maxwellian and 
Druyveeteyn aiatributlon of samo average energy <ae shown for 
example on p. M9, "Oollielon rhenomena In Ionised Oases'* hy 
E. «! KoDanlel, WUey. 1964) show that.at ^ 

distribution yields a somewhat higher » while a ^ 
the Maxwellian distribution yields a scewhat higher value. 

* For No. 6, see p. 5» 

On mtniir oorreotlonnJ , v , i tha 

1. On R^i. ('I.fi) being incorrect, as k 2 (Tg) in m ss « 

d' nomJ natori 

u /•» \ aitniiid be In the denomins- 
'Phln Jn a I ypogrsphlo nl error. ^ 

lot' of KM. ® ' 
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2t On flow c 3 1 1 m H 1 1 oil ri’oni thc'OT'o LIohI, putiij opood vqTlUosj 

The Idea oT u-itig linear flow rate was to arrive at an order 
of ma^cnltude value of the time evolved for the gas to flow 
from thu active plasma region to the photomultiplier measuring 
point* We showed that even an order of magnitude error would 
not make any significant difference In the nitrogen atom oon- 
oentration at the photomultiplier measuring point. So the 
result we arrived at was very conservative (and takes into 
account possible errors due to any flow rate decreases arising 
out of low line conductances). 

J 

On Addlti' al CotnmentB of the First Report i 

1. On the ”10 oc/mole~sec value of the rate constant (k ,) which 

-40 , 

would moan an extremely low value of 10 oc /molecule- sec i 

Throughout the thesis, rate constants have been reported as 

00 molecule ^sec Only in Fig, 4 •1(b), on the ordinate, 

- 1~1 - 1-1 
00 molecule sec was inadvertently abbreviated as oc mol see » 

— 1 ^ i — 17 

(mol and not mole .) So the 10 ' value is actually for oc 

-1 -1 “40 -1 -1 

moleoule aeo i therefore the question of 10 oc molecule see 

value does not arise. 

2. On use of low rate constants to match with the lower values of 
H atom product ion 5 

V atom concentration, according to the model used, is proportional 
to Therefore, in order to reduce N atom concentration by a 

factor of 50, k^^ must decrease by a factor of 2500* However, this 1 
only vdien radial homogeneity of n^ ^d kT^ is assumed, which, of 
course, is not quite valid. A more likely reason is probably 
existence of regions where N atom production rate is much amallsr 
bringing the overall rate down. 

♦6. On K atom conoentration from NO titration meaeurementst 

We had a number of difficulties in NO flow rate measurements. The 
NO flow measuromnntB for relative N atom concentration were carried 
out before wo could prfiouro the presoure transducer for plasma gas 
inlet preSfTure. Rut right after th^ne expe'-Jm'^nts we had oorrosion 


probleuiB with tho main NO iv/^ulatort ao a result, we could not 
make an absolute calibration of im flow. “We refrained from using 
capillary and other manometrlo methods because of errors that 
might enter due to manometrlo fluids. 


Response to the comments of the Second Report i 

2, On the work reported in ref. (d)i 

i 

Oernogora et al in their studies on the positive coluton of nltrogea 
glow dJeoharges using a system of slightly different geometry than . 
our's, reported that an Increase of either pressure or disohorge 
current results In increase of electron density. It was alao 
noticed that b/N decreases with increasing pressure. Our obsej?* 
rations are similar if these. 

3* On additional information about the mass speotrometric apparatus 
that was planned to be used in the Invee-^igationt 

This imported equipment was supposed to be designed according to 
our specif ioations and was to mass analyse both plasma neutrals 
and ions. We had asked for a built-in energy onalyaer for the Ions 
which would be followed by the mass analyeer. I*or analysis of t 

neutrals, the plasma ions would be diverted frcMn the ion eouroe 
that would ionize the neutrals, and the mass apeotrum would then 
pertain to the neutral oompoaition. The system was to oonslst of 
two stages of differential pumping to enable sampling of the plasma 
going up to 1 bar pressure. 

The equipment that the manufacturer supplied has not stood to 
any of the Bpeoifications. What they provided is a parallel plate 
energy analyzer right after the entrance to the second differen- 
tially pumped chamber which is followed by an ion source. As a. 
oonsequenot, tho ion source entrance aperture is out of lln«-of-sl^t 
of the entrance aperture through v^ioh the plasma partloles enter 
the first differentially pumped chamber j so the neutrals oannot 
make it to tho ion source directly without luidergoing some wall 
oolllslonSj therefore potentially altering information on the 
neutral cor/ posJ tJ on. 


0 l '«! ion that j’ would be dol Iverod by May 1934. After several 
*>>l'usion 8 , Ihe equipment wag finally delivered in Kovember 1934. 

In January 190' a manufacturer's technical representative came 
foi ineuil' ^M-{ '.ut could not demonstrate ion (or neutral) mass 
spectrum from tne plasma* The manufacturer made no effort to come 
and ret air the instrument during p.aotioally the rest of 1985. In 
Beoember 1985 another technical person representing the manufacturer 
visited to examine the equipment and agreed to install an ion source 
in the first chamber to permit ionisation of the plasma neutraler - 
In April 1936 on ion source was installed in the first chamber, .but 
it wtva then found that one of the two turbomoleoular pumps is not 
operational. The instrument is still not working* 

. On measurements of absolute values of volume flow ratei 

The rotameter was originally available (borrowed) with a stainless 
steel float. As this float was found unsuitable for the present 
work, we fabricated an aluminium float and employed it as a flc 
index. However, a calibration could not be done due to the non- 
availability of a standard flow meter. An ab initio calibration 
was not possible because the "flow parameter” which is a function 
of (l) the ratio qf the diameters of the float and the tube, and 
(2) densities of 'the float and fluid, was not available. 

5. On Heynolds number of the flow used* 

Calculating for an internal tube diameter of 2*5 cm, a maximum linear 
flow rate of 3 x 10^ om seo , a density of about 9 x 10 g cm , 
viscosity of the order of 2*5 x 10“^ poise, one obtains Re - 25* 

This is very much in the laminar flow region. 

Response to the oommente of the Third Report I 

1. On the role of 

This has been olarlfied in Appendix 1, Briefly, the influences 
the K atom concentration through the charge transfer process involve 
Ing M atoms* There is, of course, an additional possibility of N 
Vbeitig deplsted through reactions with uud , species which 
fare fonned by reaotion with Ng'*’* However, these are of minor 
si gnlfloande . v ^ ^ 
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